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Measurement of Radioactive Isotopes 


The determination of the number of radioactive atoms 
in a sample of a radioactive isotope has become a matter 
of importance since these isotopes have not only become 
an article of commerce but are also used in biological 
and medical experiments and even in clinical treatment 
of diseases. Uniform quantitative results in all labora- 
tories can be obtained only by using procedures that 
will yield absolute measurements or by the use of uni- 
form standards of comparison that will, under proper 
conditions of measurement, give the same result when- 
ever the determination is made. 

The National Bureau of Standards has therefore 
issued standard samples of radioisotopes whose radio- 
activity has been accurately determined, and is planning 
to issue samples of additional radioisotopes as they 
become available. This follows logically the active role 
which the Bureau has long taken in the field of radio- 
active standards and measurements, and is in line with 
the Bureau’s responsibility to furnish standards for 
precision measurement in all branches of the physical 
sciences. 

Two factors are involved in the preparation and use 
of these samples. First, methods and standards that 
are correct in principle must be used. Second, a rea- 
sonable degree of accuracy must be attained in all steps 
of the process not only of producing but also of using 
the standards. In order that the biological, medical, 
educational, and industrial laboratories to which the 
standard samples of radioisotopes are issued may use 
them in a way that will assure correct and reliable re- 
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sults, comprehensive and accurate data have been made 
available.* 

Essentially the measurement of a sample of a radio- 
isotope is the measurement of the number of radio- 
active atoms present. This determines the strength of 
the source and involves three basic concepts: (1) The 
total number of radioactive atoms present, V; (2) the 
disintegration, or decay, constant, usually represented 
by A, and obtained from the half-value period, T’, by 
the relation 

log.2 0.693 
al Be NDR 


and (3) the disintegration rate, or “activity”, AN, the 
number of atoms disintegrating in unit time. 

Measurement of the rate of disintegration, that is, 
the number of atoms disintegrating in unit time, is 
necessary in order to determine the total number of 
atoms present. The disintegration rate is of course 
equal to the number of nuclear particles, usually beta 
particles or positrons, which are emitted per unit time 
from all atoms which disintegrate within this interval 
of time. This is true because, in general, one of these 
particles is emitted for each disintegration which takes 
place. Important exceptions to this general rule will 
be discussed later. 

The requirement that all disintegration particles must 
be counted per unit time is by no means simple. The 
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1 See National Bureau of Standards Circular 473. 
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principal difficulty is that these particles are emitted 
equally in all directions so that it is practically im- 
possible to devise detecting equipment which will record 
all of them. The Geiger-Miller beta-ray end-window 
counter, for example, has a window through which the 
beta particles enter from a source placed in front of the 
window. The counter can record only that fraction of 
the particles which pass through it. This represents, 
from geometrical considerations alone, not more than 
25 percent of the particles actually emitted. At least 
three other factors may distort the results. They are 
absorption of particles in the window; absorption of 
particles in the source; and backward scattering of 
particles by the support of the source which directs 
through the window some particles originally emitted 
in other directions. The first two factors reduce the 
number from the correct value and the third increases it. 

Conceivably the contribution of all of these factors 
can be evaluated experimentally for a particular source 
and a definite arrangement of the apparatus. This not 
only requires considerable work but it must be repeated 
whenever changes are made in either the source or the 
apparatus. 


2 Radioactive Standards 


Most of the difficulties in making quantitative deter- 
minations of radioisotopes can be eliminated if standard 
sources of the radioisotope under measurement are 
available. A standard source consists of a preparation 
of the isotope in a form convenient for use with the de- 
tector of radiation, and for which the disintegration rate 
is known from previous calibration. 

Obviously, to be useful as a standard, a radioisotope 
must have a relatively long half-life. Furthermore, of 
those which have a sufficiently long half-life only those 
which can be calibrated in absolute disintegration rates 
are acceptable for preparation of standards. The num- 
ber of isotopes which satisfy both these requirements 
is at present very limited. 

When the standard is prepared from the same isotope 
as that to be measured only three simple precautions 
are required to secure reliable results: (1) Readings 
must be made with the standard in the same position as 
that at which readings are made on the sample; (2) the 
sample must be uniformly distributed over approxi- 
mately the same geometrical area as the standard; and 
(3) the sample must be supported on a layer of material 
identical with that supporting the standard, or at least 
one that produces the same back-scattering effect. 

Isotopes which have short half periods and a known 
disintegration scheme may be measured with a beta-ray 
standard of some other isotope with fair accuracy if it 
is known that a beta ray or a positron is emitted for 
every disintegration, and if the maximum energy of the 
beta-ray spectrum of the standard is not too different 
from that of the beta-ray spectrum of the isotope to be 
measured. In comparing samples of isotopes differing 
from the standards all precautions outlined for the com- 
parisons of the same isotope must be employed and the 
thickness of the counter window in mg/cm? must be 
known. In addition, an absorption curve for the beta 
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rays from the standard and a similar absorption curve 
for the beta rays from the sample must be taken. This 
procedure consists in observing the counting rates for 
each when different known thicknesses of aluminum in 
mg/cm? are interposed between the source and the 
counter. When the data are plotted on semilogarithmic 
paper, with counts per second on the logarithmic y-axis 
and thickness on the linear x-axis, the graphs will be 
very nearly straight lines. Extrapolating to zero thick- 
ness gives zero absorber counting rates for both stand- 
ard and unknown sample, from which the disintegration — 
rate of the unknown sample may be computed. 

Since calibrated standards supplied by the National 
Bureau of Standards can be expected to maintain their 
calibration only when handled carefully by trained per- 
sonnel, it is desirable that laboratories prepare their own 
working standards. This applies particularly to beta- 
ray standards deposited on metal planchets, such as the 
RaD+E standards. There is.another advantage in the 
preparation of working standards in the laboratory. 
This permits the primary standards in many instances to 
be prepared as gamma-ray standards consisting of a 
solution sealed in a glass ampoule from which it need 
never be removed for use. 

An example is furnished by the Co™ standards now 
available from the National Bureau of Standards. They 
consist of 5 ml of solution containing a total of 1.5 
rutherfords (1.5 10° disintegrations per second) in 
one series, and 0.15 rutherfords in another. They may 
be used to calibrate unknown solutions of Co® by com- 
paring the gamma-ray activity of the unknown solution 


in a similar ampoule, using a gamma-ray electroscope 
for the purpose. The ratio of these readings, corrected 
for background, provides the information for com- 
puting the strength of the unknown solution in terms of 
a disintegration rate. 

After the unknown sample has been calibrated, it can 
be made up to a standard volume, diluted in known 
ratios, and aliquots taken to produce deposits of appro- 
priate activity for beta-ray standards. 


Unknown Disintegration Schemes 


Without a knowledge of the disintegration scheme, 
it is impossible to make reliable measurements of radio- 
isotopes in terms of disintegration rates. The disinte- 
gration scheme serves to determine whether the mode of 
disintegration is such that disintegration rates can be 
obtained from observations which can be made con- 
veniently. For example, if the isotope is a positron 
emitter but also disintegrates in part by electron capture, 
there is no convenient way of measuring the disintegra- 
tion rate since it is difficult to determine the number of 
disintegrations occurring by electron capture. This 
capture can be detected only by virtue of the resulting 
characteristic X-radiation. 

In the case of those isotopes for which disintegration 
schemes are lacking or for which it is known that the 
mode of disintegration does not lend itself to measure- 
ment of disintegration rates, an alternative method of 
comparison of activities of sources is available if the 
isotope emits gamma rays. This alternative does not 
give disintegration rates but it can, when properly ap- 
plied, yield reliable comparisons of sources in various 
laboratories. For a particular isotope which emits 
gamma rays it is obvious that the intensity of the gamma 
radiation emitted is proportional to the amount of the 
isotope present. However, it is a well-known fact that 
electroscopes and ionization chambers used for measur- 
ing gamma rays have sensitivities which vary greatly 
from each other due to variations in size, materials, 
geometrical disposition of the source, and similar fac- 
tors. Therefore, the comparison of source strengths by 
the gamma-ray method is a valid method only when 
confined to the same isotope and when using the same 
electroscope in the same geometrical relation to the 
source. This is the basic principle of all measurements 
of radium by the gamma-ray method. 

A method has been proposed for extension of the 
gamma-ray method of comparison of sources to all 
laboratories. To obtain uniform results with such a 
method, no matter where the comparisons are made, a 
standard instrument and standard geometry are neces- 
sary. The requirement for the standard instrument is 
that it shall yield the same response for two equal 
samples of any isotope, regardless of the energies of the 
gamma rays emitted by these isotopes. There is a unit 
of gamma radiation which is defined without reference 
to the energy of the gamma ray. This is the roentgen, 
defined as “that quantity of roentgen or gamma radia- 
tion such that the associated corpuscular emission 
(secondary beta radiation) per 0.001293 g of air pro- 


Samples of radioisotopes are compared with the NBS 
RaD-++E beta-ray standards using a bell-type beta-ray 


counter (on stand) and recording instrument. In order 
to correlate measurements of radioisotopes in different 
laboratories, identical 25-ml samples of I were distrib- 
uted to approximately 40 hospitals, universities, and sim- 
ilar institutions using this isotope or interested in its meas- 
urement. The wide range of values reported by these 
laboratories has been plotted on the graph at the right. 


duces, in air, ions carrying 1 electrostatic unit of elec- 
tricity of either sign.” Therefore, an ionization instru- 
ment properly designed to measure roentgens will satisfy 
the requirement of a standard instrument. To deter- 
mine the strength of a radioactive source the roentgens 
per unit must be measured at a standard distance. 

These considerations have led to the suggestion * that 
the unit of time be one hour and the distance one meter. 
Convenient magnitudes are thus provided for sources in 
common use. Furthermore, the distance of the source 
from the measuring instrument is relatively large and 
therefore small accidental variations in this distance will 
not produce serious errors, because the response of the 
instrument varies inversely as the square of the distance 
from the source. With this experimental arrangement 
a unit is actually being used for comparison of gamma- 
ray sources which is defined as 1 roentgen per hour at 
a distance of 1 meter (roentgen per hour at a meter, 
abbreviated rhm). 


Units 


This leads to a consideration of units for expression 
of disintegration rates. In 1910 at the Radiology Con- 
eress in Brussels the name curie was applied to the 
amount of radon in equilibrium with one gram of pure 
radium. In 1930 the International Radium Standards 
Commission extended this definition to include the equi- 
librium quantity of any decay product of radium, with 
the comment “The Commission does not favor its exten- 
sion to members outside the Ra family.” * However, 
the use of the curie in referring indiscriminately to 


2 Condon and Curtiss, Phys. Rev. 69, 672 (1946). 
3 Rey. Mod. Phys. 8, 432 (1931). 
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disintegration rates has occurred in numerous places in 
the literature on radioactivity. As originally defined 
and as amended in 1930, the curie refers to the rate of 
distintegration of 1 gram of radium since | curie of 
radon, by virtue of its definition as the quantity in 
equilibrium with one gram of radium, is also that 
amount of radon (or any other member of the radium 
family), which has a rate of disintegration equal to one 
gram of radium. 

Consequently the curie can be applied only when it is 
intended to refer to rate of disintegration. Although 
the rate of disintegration of 1 gram of radium has never 
been measured with great accuracy, and the exact value 
is in dispute to the order of 3 or 4 percent, the National 
Bureau of Standards has adopted the arbitrary value of 
3.700 X 10° disintegrations per second for the curie 
when applied to isotopes other than members of the 
radium family. 

For many purposes a unit for the disintegration rate 
can be used which is smaller than the curie and which 
can be specified exactly and independently of any 


natural constants, such as the rate of decay of radium. 
A convenient quantity for a unit is that quantity of 
radioisotope which disintegrates at the rate of a million 
disintegrations per second. The name rutherford (rd) °* 
has been suggested for this unit. Features which make 
this unit simple to use include a numerical magnitude 


that is easy to remember, and a size that is frequently 


used in the laboratory. For example, a therapeutic dose 
of many isotopes will be of the order of 100 rd, beta-ray 
sources for use with mica-window, bell-type counters 
will be of the order of 100 to 500 urd, and the weakest 
source that can be measured with any accuracy with 
these counters is of the order of 1 prd. Tracer samples 
will usually be of the order of | rd. 


The use of the rutherford in data presupposes that a — 


disintegration rate has been measured and that this 
rate is expressed in terms of disintegrations per second. 
This procedure, if rigidly followed, removes all con- 
fusion regarding units and renders data reported from 
different laboratories directly comparable on an abso- 
lute basis. 


Expansive Characteristics of Hydrated Limes 


It is highly important that a mortar or plaster after 
setting in place shall not undergo any change in volume. 
Volume changes do occur, however, and are often the 
result of chemical reactions. Laboratory studies at the 
Bureau have led to the conclusion that a type of plaster 
failure characterized by the formation of bulges (large 
blisters) in the white coat was caused by expansion 
attending the slow hydration of one of the chemical 
components, unhydrated magnesia (MgO), of the lime 
used in preparing the white coat. Surveys have shown 
that failures are widespread and occur several years 
after the white coat is applied. 

As a result of these studies, the Bureau was requested 
by other Government agencies to assist in formulating a 
specification that would exclude partially hydrated limes 
containing a high percentage of unhydrated oxides. It 
was proposed, therefore, that the percentage of unhy- 
drated oxides in hydrated limes shall not exceed 8 
percent by weight. This limit has recently been in- 
cluded in specifications of the American Society for 
Testing Materials and the American Standards Asso- 
ciation. 

Shortly after proposing this limit certain manufactur- 
ers of regularly hydrated dolomitic lime started pro- 
ducing a more completely hydrated lime. In most in- 
stances, this has been accomplished by means of large 
autoclaves in which the lime is hydrated at elevated 
temperatures and pressures. 


Accelerated Test 


Recognizing that chemical composition alone does 
not always provide an indication of the soundness of 
lime, the Bureau continued the investigation to develop 
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a suitable performance test. Since unsoundness does 
not usually show up for several years, an accelerated 
test has been proposed. 

Because there is no satisfactory test procedure for 
ascertaining volume-change characteristics of hydrated 
limes themselves, it is first necessary to gage the limes 
with some cementitious material having hydraulic 
properties. Portland cement was selected as the most 
suitable hydraulic material for gaging. The resultant 
mixture is then cast into bars which, upon setting, are 
heated in an autoclave. The linear expansion of the 


autoclaved cement-lime bars thus provides a measure of 
the expansive properties of the lime from which they 
are made. 


Laboratory studies at the Bureau have indicated that 
plaster failures of this type, which occur several years 
after the plaster is applied, are caused by expansion 
attending the slow hydration of free magnesium oxide 
that is present in the hydrated lime used. 


Since autoclaves and auxiliary apparatus for testing 
the soundness of portland cement are already available 
in numerous testing laboratories throughout the United 
States, attention was directed toward developing a pro- 
cedure for testing cement-lime specimens that would 
utilize this equipment. A specially modified autoclave 
was designed to measure the expansion of test specimens 
during the course of autoclaving. 

Eighty commercial hydrated:limes have been sub- 
jected to the autoclave treatment and other tests for 
determining the effect of variables such as the amount 
of lime and the use of different portland cements in the 
bars. On the basis of chemical analysis and percentage 
of unhydrated oxide, the hydrated limes were classified 
into four series: high-calcium, regularly hydrated dolo- 
mitic, highly hydrated dolomitic, and magnesian. In 
each case the relation between expansion and percentage 
of unhydrated oxides, the components that appear to 
cause the particular behavior under investigation, has 
been carefully determined. On the basis of the tech- 
niques developed and the data obtained, details of the 
test procedure have been worked out, and a limit of 
expansion proposed.* 


*For further technical details of this work, see Expansive characteristics 
of hydrated limes and the development of an autoclave test for soundness, by 
Lansing S. Wells, Walter F. Clarke, and Ernest M. Levin, J. Research NBS 
41 {September 1948) RP 1917. 
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The linear expansion of autoclayed cement-lime bars 
provides a measure of the expansive characteristics of 
the limes from which they are made. Note the high 
expansivity of those limes containing a high percentage 
of unhydrated oxides. 


A Radio-Frequency Mass Spectrometer 


A comprehensive investigation of the conditions for 
the formation of negative atomic ions of the heavier 
metallic elements has led to the development, by Dr. 
Willard H. Bennett of the Bureau’s physical electronics 
laboratory, of an extremely valuable method for detect- 
ing, separating, identifying, and measuring such ions. 
This is one of the most neglected fields of research in 
pure physics. Since negative atomic ions, consisting 
of atoms with extra electrons, have very low energies of 
formation, their study has been difficult because of the 
rapid dissociation of the ions in very short distances of 
travel; that is, before they can reach a measuring elec- 
trode. The exacting requirements of this field of re- 
search have now been met by means of a specially 
designed vacuum tube which provides a greatly simpli- 
fied and flexible radio-frequency mass spectrometer. 
This spectrometer not only opens up a new means of 
exploring the little-known fundamentals of negative 
atomic ions but its special characteristics make it widely 
applicable for other uses, including the mass spec- 
trometry of positive ions. 

Negative atomic ions have been detected for only a 
few elements since they were first discovered about 40 
years ago, although accepted theory has indicated the 
possibility of producing such ions from many of the 
elements. Experiments begun at the Bureau by Dr. 
Bennett in 1946 indicated that negative atomic ions 
might well exist in the many familiar forms of electrical 
discharge in vacuum tubes, but that they would not be 
detected if the distance through the tube between the 


discharge and the electrode was large. It was neces- 
sary, therefore, to devise an experimental method for 
separating and identifying such ions within distances 
of only a few centimeters. This was accomplished 
through the new mass-spectrometer tube. 

In its more advanced form, this two-stage spec- 
trometer may be used for positive ions as well as nega- 
tive ions. The equipment consists essentially of a mul- 
tigrid tube in which an adjustable radio frequency is 
applied to two grids, while all other electrodes are held 
at the proper direct-current potentials and the ion cur- 
rent is measured at the plate. The more exacting re- 
quirements of negative-ion separation require the use of 
a small magnetic field produced with coils, but if positive 
ions are being separated, no magnetic field is needed. 
Because large electromagnets or tubes containing elec- 
trodes with elaborate slit systems are not required in 
this method, the radio-frequency mass spectrometer 
should find wide application where its resolution is 
sufficient and where the expense of the more elaborate, 
conventional beam-deflection equipment is not justified. 

One of the principal limitations upon the resolution 
possible with the ordinary mass spectrometers using 
magnetic deflection of beams has been the spread in 
energies of the ions at the ion source. The percentage 
spread occasioned by this factor can be reduced by 
increasing the voltage applied to the ions before they 
are magnetically resolved. The extent to which this can 
be done is limited, however, by the magnetic field that 
can be obtained in a space sufficient to contain the tube. 
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Elements of the early single-stage tube (right) include 
a cathode, a, about which are arranged four coaxial 
cylindrical grids (b, c, d, e) and an ion-collecting plate, 
f. The electrodes are closed at the ends with mica disks 
(g, g) except for the hole in the lower disk through 
which the glass-insulated cathode lead, h, extends. 


In the radio-frequency mass spectrometer, this diffi- 
culty is eliminated, and the voltage of the ions can 
easily be pushed up at least an additional order of mag- 
nitude to any value for which insulation can be pro- 
vided. The frequencies required are then increased 
by an amount equal to the square root of the factor by 
which the voltage is increased. Raising the voltage 
from 100 to 10,000 volts, for example, increases the 
frequencies tenfold, and reduces the percentage spread 
of mass line due to velocity spread in the ion sources 
by a factor of one one-hundredth, 

The first successful radio-frequency mass _ spec- 
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trometer, a single-stage six-electrode tube, consists of a 
cathode about which are arranged four coaxial cylin- 
drical grids and an ion-collecting plate. Helmholtz coils 
surrounding the tube provide a 100-gauss magnetic field 
in a direction parallel with the axis of the tube. Such a 
field is required in negative-ion work to confine the 
electrons to the space inside the first grid, and to prevent 
the formation of positive ions in parts of the tube where 
neutralization of the negative ions may occur before 
they reach the detecting electrode. 

In the operation of the single-stage negative-ion spec- 
trometer tube, ions arising at the cathode are accelerated 
through the first grid at a velocity corresponding to the 
d-c potential of that grid (say 15 volts). They are 
further accelerated by the field due to the potential on 
the second grid, which is an alternating radio frequency 
(say 5 volts) plus a d-c potential (reduced to 10 volts). 
The third grid is held at a d-c potential (reduced to 5 


The first successful form of the radio-frequency mass spect) 
of a cathode, four coaxial cylindrical grids, and an ion-col) 
A modified design (cen) 
The use of two stages (right) considerably impr 


netic field for negative-ion work. 
gations. 


The range of readily producible radio frequencies more the 


volts). Those ions which pass the first grid at the 

proper phase of the r-f field, and which have a mass 

and related velocity such that they pass through the 

second grid while the r-f potential changes phase, receive 

an additional acceleration due to the r-f field while 
travelling to the third grid. It was observed experi- 
mentally, verifying theoretical calculation, that ions 
passing the first grid at 45° 27.5’ of phase angle of the 
alternating current on the second grid, and having just 
the right mass (and corresponding velocity) to pass 
the second grid at 180° of phase angle of the current on 
that grid, will pass each of the first three grids with the 
same velocity (corresponding to 15 volts), although 
the d-c potentials on those grids are successively re- 
duced. This is caused by the ion picking up energy 
from the field of the alternating current on the second 
grid, as the change in phase occurs when the ion passes 


through this grid. 


i(left) comprises a single-stage six-electrode tube consisting 
ate. Helmholtz coils surrounding the tube provide a mag- 
iter meets the exacting requirements of negative-ion investi- 
}mass resolution which can be obtained with this kind of tube. 
\ the full mass range of all the elements. 


Special characteristics of a simplified and flexible radio- 
frequency mass spectrometer (center) developed at the 
Bureau make it applicable for obtaining basic data on 
negative atomic ions as well as for the mass spectrometry 
of positive ions. 


A blocking potential difference, nearly equal to the 
maximum energy that an ion with the proper mass 
(corresponding to the frequency) could pick up from 
the alternating current, is applied between the cathode 
and the fourth grid. The blocking potential may be, 
for example, 9.6 volts negative with respect to the 
cathode. The collecting electrode, or ion-collection 
plate, is held at 40 volts positive with respect to the 
cathode to insure that no positive ions will reach the 
anode. An electrometer tube circuit and galvanometer 
are used for measuring the selected ion currents to the 
anode. 

By observing the negative atomic ions produced at 
an oxide-coated cathode in a water-vapor atmosphere 
at less than 10° mm of mercury pressure, typical mass- 
resolution data may be obtained for plotting resolution 
curves. The data are taken while holding all potentials 
constant and varying only the applied radio frequency. 
For example, an a-c potential of 5 volts may be used 
while d-c potentials of less than 100 volts are applied 
to the other electrodes. The required frequency range 
extends from 3,300 kilocycles for a mass value of 14, to 
104 kilocycles for mass value 250. This range of 
readily producible radio frequencies more than covers 
the full mass range of all elements. 

By extending the method to two stages in a nine-elec- 
trode tube, either with cylindrical or parallel-plane elec- 
trodes, and applying the radio frequency to two of the 
grids, a high order of mass resolution is obtained. Such 
a large number of grids would not be practical in a tube 
if the usual woven-wire screens were used. There is 
available now, however, a knitted-wire fabric that has 
more than 95 percent open area and with which this 
kind of tube can readily be constructed. This apparatus 
may be used in the mass spectrometry of positive ions 
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and in ionization studies, as well as in the present 
negative-ion investigations. The magnetic field is again 
applied in a direction parallel with the planes of the 
grids for negative-ion investigations. A collimating 
electrode containing the cathode is used to direct the 
ions in a direction approximately normal to the planes 
of the grids. 

In the positive-ion mass-spectrometer tube, the ions, 
accelerated toward the second grid, are resolved by the 
application of a radio frequency on the third grid, just 
as in the single-stage tube. The distance between the 
fourth and fifth grids is selected to assure that those 
ions which acquire the maximum energy from the 
alternating-current fields at the first stage (grids 2, 3, & 
4) will travel from grid 3 to grid 6 in the time that the 
radio frequency takes to traverse an exactly integral 
number of cycles. The same radio frequency is ap- 
plied to the sixth grid as to the third grid and the other 
potentials on the second stage (grids 5, 6, & 7) are se- 
lected in a similar manner to those for the first stage. 
The blocking potential is applied to the anode, and the 
selected ions are collected there. 

The simplicity and low cost of the radio-frequency 
mass spectrometer should make it attractive not only 
in those applications in which its special characteristics 
make it superior to any other kind of mass spectrom- 
eter, but also in those laboratories where the expense of 
other types of equipment is prohibitive. Though the 
possibilities of the new apparatus have not yet been 
adequately explored, preliminary experimentation at 
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By observing the negative atomic ions produced at an 
oxide-coated cathode in a water-vapor atmosphere at 


less than 10° mm of mercury pressure, typical mass- 
resolution data are obtained for plotting resolution curves. 


the National Bureau of Standards indicates that many 
specialized uses for this kind of tube will come to light 
as it becomes better known. 


Stress-Corrosion of High-Strength Aluminum Alloys 


The current demand for larger, heavier, and faster 
aircraft has resulted in the development of a number 
of new high-strength aluminum alloys. As these ma- 
terials have become available, their resistance to cor- 
rosion has been determined by the National Bureau of 
Standards, usually at the request of the Armed Services. 
In connection with the program, several aluminum al- 
loys introduced during the war, namely, the 75S—T, 
R301-T, R303-T, and the artificially aged 24S—T, 
were studied to determine their ability to withstand the 
highly corrosive conditions to which military planes 
are subjected in tropical areas. 

In the course of this investigation, methods and 
apparatus for accelerated laboratory tests of stressed 
samples in corrosive solutions were developed and 
applied ° by Hugh L. Logan and Harold Hessing of the 
Bureau’s metallurgical laboratories. | Marine-atmos- 
phere exposure tests of the same materials under simi- 
lar experimental conditions indicate a high degree of 
correlation between results of the laboratory tests and 
what may be expected in actual service. 

The duralumin type of aluminum-copper-magnesium 
alloy known as 24S-T was introduced in 1932 and 
within a decade had largely replaced other aluminum 
alloys as sheet material for aircraft construction. 


5 For further technical details, see Stress-corrosion tests on high-strength 
aluminum alloy sheet by Hugh L. Logan and Harold Hessing, J. Research 
NBS 41, 69 (1948) RP1905. 
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Although its resistance to corrosion was generally satis- 
factory, under some conditions it was appreciably at- 
tacked upon exposure to a marine atmosphere or sea 
water. To increase corrosion resistance, it has been 
used in the form of a “clad” alloy, in which a duralumin 
sheet is sandwiched between, and integrally bonded to, | 
two thin protective layers of commercially pure alumi- 
num. This, however, results in some sacrifice of ten- 
sile strength.. As this material has been found to be 
adequately resistant to corrosion in service, it was 
used as a standard of comparison in the marine- 
atmosphere testing of the new alloys. 

With the outbreak of the war in 1939, even stronger 
aluminum alloys became desirable for aircraft use. 
Efforts were therefore made to develop alloys of greater 
tensile strength with adequate corrosion resistance. 
In the R301-T alloy, this result was sought by covering 
a duralumin-type alloy with an alloy-cladding layer of 
higher strength than commercially pure aluminum. 
In the 75S—T and R303-T alloys, tensile properties were 
improved by the addition of appreciable amounts of 
zinc. Use was also made of the discovery that aging 
of the commercial flat 24S-T alloy at an elevated tem- 
perature results in a marked increase in yield strength. 

In the Bureau’s investigation of the stress-corrosion 
resistance of these new materials, standard ASTM flat 
tensile specimens with 14-inch reduced sections were 
tested both in the laboratory and in a marine atmos- 


In accelerated tests of the corrosion resistance of stressed 
aluminum-alloy sheet, elongated specimens of the 
material, supported vertically within glass cells contain- 
ing a corrosive sodium chloride-hydrogen peroxide solu- 
tion, are stressed by means of weights attached to levers 
below. 


phere under a stress equal to three-fourths of the yield 
strength. In the laboratory, stressed samples of all 
alloys were continuously immersed in a _ sodium 
chloride-hydrogen peroxide solution (NaCl, 57g; 30- 
percent H,O,, 10 ml; H,O, 990 ml). Those contain- 
ing zinc as an alloying element (R303—-T and 75S-T) 
were also exposed in a boiling 6-percent solution of 
sodium chloride. Unstressed specimens were subjected 
to the same corrosive conditions in order that the effect 
of stress in increasing corrosion damage could be 
evaluated. All clad materials were tested with the 
cladding intact since the purpose of the tests was to 
determine the resistance of the commercial alloy as ac- 
tually used rather than that of the core material itself. 
Losses in ultimate tensile strength and percent elonga- 
tion were taken as criteria of corrosion damage. 
Specimens supported vertically and stressed by 
means of weighted levers were tested in the sodium 
chloride-hydrogen peroxide solution in cells made of 
60-mm Pyrex cylindrical tubes fitted at each end into 
slotted bakelite disks. Rubber gaskets placed between 
the bakelite and the glass, and rubber stoppers molded 
with rectangular slots slightly smaller than the grip 
ends of the specimens, completed the cell assemblies. 
Samples up to 0.064 inch in thickness were kept in the 
sodium chloride-hydrogen peroxide solution for 24 
hours. One-eighth-inch specimens were immersed for 
72 hours, the solution being renewed at the end of each 
24-hour period. Breaking of a specimen under stress 
automatically opened a knife switch in the circuit of a 
solenoid counter actuated once every 6 minutes by a 
clock. The time required for failure of the specimen 


was thus recorded in units of 149 hour. After removal 
from the solution and cleaning, the specimens were 
broken in a hydraulic-type tensile testing machine to 
determine the tensile properties of the corroded mate- 
rial. Metallographic examinations were also made to 
determine the types of corrosion that had developed. 
For marine-atmosphere exposure tests, the specimens 
were supported and stressed in a similar fashion but 
were left exposed to the atmosphere. 

Specimens immersed in boiling sodium chloride 
solution were stressed by bowing. This was accom- 
plished by a device consisting of a threaded monel rod, 
insulating washers slotted to hold the ends of the speci- 
men, and two nuts adjacent to the washers. Tension 
on the bowed specimens was controlled by adjustment 
of the nuts. The specimens were then placed in wide- 
mouthed flasks connected to reflux condensers and con- 
taining the sodium chloride solution. They remained 
in the boiling solution for 14 days unless earlier failure 
occurred. 

One of the difficulties in stressing specimens by bow- 
ing has been the fact that extremely small changes in 
the length of the chord connecting the ends of the speci- 
men will make appreciable changes in the stress in the 
outer fiber. An instrument was therefore constructed 
by means of which the distance from the chord to the 
outer fiber could be measured to 0.0001 inch and the 
stress computed much more precisely than by earlier 
methods. Essentially, this device consists of two fixed 
pins and, between them, a third movable pin, which is 
attached to the plunger of a dial gage. Stresses com- 
puted from dial-gage readings differed from stresses ob- 
tained from wire strain gages (attached to the concave 
and convex surfaces of the specimen) by less than 2 
percent at three-fourths of the yield strength. 

The results of the investigation indicate that flat, bare 
24S-T aluminum-alloy sheet aged 4 hours or longer at 
375° F is not susceptible to stress-corrosion cracking 
in either the laboratory or marine atmosphere tests, 
and is at least as resistant to the combined action of 
stress and corrosion as the commercially heat-treated 


Stress-corrosion resistance of aluminum-alloy sheet is 
studied under actual exposure to a marine atmosphere 
in apparatus designed and constructed by the Bureau at 
Hampton Roads, Va. 
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but unaged material. It was found that aging a sam- 
ple of this alloy for 3 hours at 385° F produced an in- 
crease in yield strength of about 25 percent above an 
initial value of approximately 50,000 lb per sq in., an 
increase in tensile strength of about 3 percent above an 
initial value of approximately 70,000 lb per sq in., and 
a decrease of about two-thirds in the initial elongation 
of 17 to 18 percent. Similar results were obtained 
when the material was aged for 20 hours at 350° F, 5 
hours at 375° F, or 114 hours at 400° F. 


The samples of the other alloys that were tested, with 
the exception of R301—T, were found adequately re- 
sistant to stress-corrosion cracking. In general, it was 
apparent that the short-time laboratory tests developed 
by the National Bureau of Standards give a good indi- 
cation of the corrosion resistance to be expected of the 
unclad alloys in a marine atmosphere. However, re- 
sults of continuous immersion tests on clad material in 
the laboratory do not necessarily agree with those ob- 
tained by exposure in a marine atmosphere. 


Frictional and Thermal Behavior in 


Journal Bearing Lubrication 


The operation of a journal bearing under a steady 
state of temperature distribution with forced-feed lu- 
brication is dependent upon a number of factors related 
both to the conditions of operation and to the geometry 
of the bearing. The relation of these factors to the per- 
formance of the bearing is very complex, involving not 
only the rate at which the heat is generated in the bear- 
ing but also the rate at which it is carried away. In an 
extensive investigation of these factors, carried out at 
the Bureau in cooperation with the National Advisory 
Committee for Aeronautics,’ a method was developed 
for studying bearing performance through measure- 
ments of the combined frictional and thermal behavior 
in journal-bearing lubrication. A four-bearing friction 
machine was used for this purpose. The investigation 
also led to a practical graphical procedure for estimat- 
ing safe bearing loads. 

The work included operation of bearings of two 
diameters, in two length-diameter ratios and three 
clearance-diameter ratios, and at two journal speeds. 
Three oils, of different viscosity, were used at three oil- 
inlet temperatures. Particular attention was given to 
the resultant effects of the combined hydrodynamic and 
thermodynamic actions involved in bearing operation 
with forced-feed lubrication. 

The four-bearing friction machine, developed and 
used in former investigations at the Bureau, consists 
essentially of four test bearings on a common shaft. 
The bearings are mounted in self-aligning ball-bearing 
swivels which are prevented from rotating by flat 
springs. The two outer bearings are fastened to the 
housing. while the two inner ones are located in plates 


that slide in guides. The complete housing floats on 


the horizontal shaft and acts as a cradle dynamometer. 
Load is applied by hydraulic jacks under the two inner 
bearings. 


Oil is fed to the bearings through the drilled shaft 


® For further technical details of this work, see Measurements of combined 
frictional and thermal behavior in journal-bearing lubrication, by S. A. McKee, 
H. S. White, and J. F. Swindells. Trans. ASME 7O, 409 (1948). 


The straight-line relationship between fluidity and 
pressure provides a graphical means for estimating safe 
bearing loads with various oils. The intersection of each 
fluidity curve with the limiting curve of the generalized 
operating variable, ZN/P (see text), gives the maxi- 
mum safe operating load. Oil-inlet temperatures in 
parentheses. 
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which has two oil holes at the longitudinal center of 
each bearing. A motor-driven pump and a relief valve 
maintain the oil-feed pressure. Bearing temperatures 
are measured by. thermocouples embedded in the metal 
at the loaded sides of the bearings. 

A study of the frictional-torque data for operation 
under load indicates that when a bearing is operating 
at a constant speed, using a given oil at constant oil- 
inlet temperature and oil-feed pressure, an increase in 
load produces an approximately proportional increase 
in frictional torque. The increase in torque with unit 
increase in load is influenced chiefly by the viscosity of 
the oil, the oil-inlet temperature, the oil-feed pressure, 
and the clearance-diameter and length-diameter ratios. 


30 


Fluidity 


1/Z, 


2 3 
P, 1000 psi 


With the four-bearing friction machine (left) developed at the Bureau basic data haye been obtained on the effects 
of operational and design factors upon the friction, load-carrying capacity, and operating temperature of journal 


bearings. 


The machine consists essentially of four test bearings on a common shaft, mounted in self-alining 
ball-bearing swivels (right center) which are prevented from rotating by flat springs. 


The two outer bearings 


are fastened to the housing while the two inner ones are located in plates that slide in guides (lower right). The 
entire housing floats on the horizontal shaft and acts as a cradle dynamometer. 


The results also indicate that, under these operating 
conditions, an increase in load causes a proportional 
increase in the fluidity (reciprocal of viscosity) of the 
oil in the bearing. For a given oil, oil-inlet tempera- 
ture, and oil-feed pressure, this increase in fluidity is 
a function of the speed of the journal, the diameter of 
the journal, the length-diameter ratio, and the clear- 
ance-diameter ratio. Empirical equations have been 
developed to define this relationship. 

The straight-line relationship between fluidity and 
pressure provides a graphical means for estimating 
safe loads. The limit for safe operation is based upon 
a minimum value of a generalized operating variable, 
ZN/P, where Z is the absolute viscosity of the lubri- 
cant, N is the speed of the journal, and P is the pressure 
on the bearing. The intersection of a line representing 
a limiting value of this variable with the straight line 
drawn through the fluidity-pressure data for a given 
set of conditions gives directly the safe bearing pres- 
sure for these conditions. This is illustrated by the 
accompanying graph. 

In analyzing these results it is emphasized that the 
thermal behavior of a journal bearing operating with 


forced-feed lubrication is dependent upon a complex 
relation that involves heat losses by radiation, conduc- 
tion, and convection, as well as the heat carried away 
by the oil leaving the bearing. Therefore, the numeri- 
cal values obtained in any series of tests are dependent 
upon the heat-dissipation characteristics of the specific 
apparatus used. In the course of the bearing-research 
program, however, the operating conditions were such 
that it was possible to differentiate between the heat 
carried away by the oil and the heat losses through the 
apparatus itself. 

These data show that, under conditions typical of 
normal high-speed and high-temperature operation, 
practically all of the heat generated in the bearing is 
carried away by the oil. Accordingly, the straight-line 
relationship between fluidity and pressure should hold 
reasonably well in most bearing applications. In these 
cases considerable information on bearing performance 
may be obtained by making a few ee Bone of bear- 
ing temperature for various known operating condi- 
tions. This is of considerable significance because in 
many bearing installations, ican measurements are 
not practicable. 
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